In this paper, we show that human saccadic eye movements toward a visual target are generated with a reduced latency when this target is spatially and temporally aligned with an irrelevant audi tory nontarget This effect gradually disappears if the temporal and/or spatial alignment of the visual and auditory stimuli are changed. When subjects are able to accurately localize the auditory stimu lus in two dimensions, the spatial dependence of the reduction in latency depends on the actual ra dial distance between the auditory and the visual stimulus. If, however, only the azimuth of the sound source can be determined by the subjects, the horizontal target separation determines the strength of the interaction. Neither sac cade accuracy nor sac cade kinematics were affected in these para digms. We propose that, in addition to an aspecific warning signal, the reduction of saccadic latency is due to interactions that take place at a multimodal stage of sac cade programming, where the per ceived positions of visual and auditory stimuli are represented in a common frame of reference. This hypothesis is in agreement with our finding that the saccades often are initially directed to the aver age position of the visual and the auditory target, provided that their spatial separation is not too large. Striking similarities with electrophysiological findings on multisensory interactions in the deer> lavers of the midbrain superior colliculus axe discussed.
Humans, as well as other animals, are equipped with various specialized senses that provide them with infor mation about their environment. Several of these sen sory systems represent the spatial location of an object on the basis o f the received sensory input. This informa tion about stimulus location can already be present at the level of the sensory organ, as is the case in the visual and somatosensory systems, or it can be neurally derived on the basis of indirect cues, as in the auditory system. Many o f the objects that surround an organism, however, pro vide it with sensory information through various modal ities at the same time.
In the literature, there is accumulating evidence that multimodal information about an object's location can lead to a reduction of the response latency and to an im provement o f localization accuracy. For example, it has been shown that a motor response toward a visual target can be made with a shorter latency when this target is ac companied by an auditory signal at the same location. Simon and Craft (1970) have investigated this effect for arm movements, and Lee, Chung, Kim, and Park (1991) report qualitatively similar findings for saccadic eye move- ments. In both studies, this effect was not present w h e n the visual and the auditory stimulus were presented at opposite sides of a central fixation point. Perrott, Saberi* Brown, and Strybel (1990) showed that the t im e to foveate and identify one o f two visual sym bols w a s markedly reduced when an auditory costimulus w as s p a tially aligned with the visual target, not only if the ta r gets were presented in the far periphery but even i f th e stimuli were presented within the subject's p arafoveal visual field. Stein, Hunneycutt, and Meredith (1988) reported th a t, under near-threshold conditions, cats are able to lo c a liz e combined audiovisual targets more accurately than v i sual targets. In their study, cats were trained to m a k e whole body movements toward dimly lit visual ta r g e ts, thereby learning that the presence o f an auditory s t im u lus was irrelevant. Nevertheless, the animals p erform ed better when an audiovisual cue was presented in s p a tia l alignment. Performance dropped dramatically w hen th e auditory and the visual stimulus were spatially d isp a r a te.
It should be noted that such auditory-visual in t e r actions pose far from trivial problems to the n e r v o u s system, since the different sense organs initially e n c o d e the outside world in very different ways, First, the v is u a l world is encoded retinocentrically, whereas a u d ito r y cues are represented with respect to the pinnae. For h u mans, this results in a craniocentric code, since the p in nae are immobile with respect to the head. Second, th e retina is a spatially organized structure, whereas th e cochlea has a tonotopic organization, From various b i n EXPERIMENT 1 Experiment 1 was designed to study the spatial fac tors that rule multimodal interactions in saccadic eye movements.
Method Subjects
Three male volunteers, 24, 27, and 36 years of age, participated in this experiment. All subjects were without any known uncor rected visual, auditory, or oculomotor deficits, except Subject J.O., who has a strong dominance of one eye and is basically mon ocular. From this subject, movements of the amblyopic eye were measured.
Experimental Setup
Experiments were performed in a completely dark, soundattenuated room (3 X 3 X 3 m) in which acoustic reflections above 500 Hz were strongly reduced by means of sound-absorbing foam that covered walls, ceiling, and floor. The average background noise level was 30 dB (SPL). The subjects were comfortably seated in a chair with a head support that prevented them from making head movements. Stimulus presentation as well as data ac quisition were controlled by a PC-386 equipped with a data ac quisition board (Metrabyte Das 16).
Auditory noise stimuli were generated by a white-noise gener ator (Hewlett-Packard HOI~3722a), band-pass filtered (150-20 kHz, Krohn-Hite 3343), amplified (Luxman 58A), and pre sented through a speaker (Philips, AD44725). The speaker was mounted on a two-joint robot arm that was controlled by a second computer (PC-486). The robot enabled rapid positioning of the speaker anywhere on the surface of a virtual sphere with a radius of 0.90 m, centered at the subject's head. Between trials, the speaker was first moved to a randomly chosen peripheral location, In this way, sounds produced by the two stepping motors did not provide the subjects with any cues about the speaker's position.
Visual targets were red LEDs (radius 0.3°), mounted on an acoustically transparent wire frame, which constituted a spherical surface just proximal to the range of the robot (r = 0.85 m). View ing was binocular.
Movements of the right eye were measured in two dimensions by means of the scleral coil technique (Collewijn, Van der Mark, & Jansen, 1975) . In short, the subject was seated in a rapidly os cillating horizontal and vertical magnetic field (30 and 50 kHz), generated through two orthogonal coils (3 X 3 m). The coils did not obstruct the visual field of the subj ects, nor did they disturb the sound field.
A scleral search coil (Skalar Instruments, Delft) was placed on the subject's right eye. The magnetic induction voltage in this scle ral coil was directly proportional to its orientation with respect to the magnetic fields. In this way, eye position could be accurately measured with a resolution of about 0,25° in all directions.
In order to decompose the signal from the scleral coil into a hor izontal and a vertical component of eye position, it was passed through two phase-lock amplifiers (PAR 128A) that used the dri ving signals for the horizontal and the vertical field, respectively, as a reference signal. The resulting position signals were then lowpass filtered at 150 Hz, before being collected by the data acqui sition board. The sampling rate was 500 Hz for both the horizon tal and the vertical components of eye position. Each trial consisted of 2 sec of recording time, starting 400 msec before pre sentation of the peripheral stimuli.
To calibrate the recorded eye movements, we asked our subjects to foveate visual targets on the horizontal axis and on the vertical axis at eccentricities of 2°, 5°, 9°, 14°, 20°, 27°, and 35° from straight ahead. The signals that were thus obtained were used to calculate off-line linear regression lines between the target coordi nates and horizontal and vertical eye position signals. This method provided accurate calibration for all directions.
Experimental Protocol
The subjects were first required to foveate a visual fixation spot straight ahead. After a random period of 0.5 to 2.0 sec, the fixation spot was extinguished and a visual target was presented in the pe riphery. Synchronous with the onset of the visual target, an auditory stimulus was presented in 80% of the trials. Duration of each stim ulus was 500 msec. The subjects were instructed to redirect their gaze as quickly and accurately as possible toward the visual target and were explicitly told to ignore the auditory nontarget.
One of four different visual targets was presented at spherical polar coordinates R = 27°, and [60°, 120°, 240°, 300°]. In this coordinate system, R is the distance from the central fixation spot and < f) is the direction of the target, where < j) -0° is to the right and $ = 90° is upward ( Figure 1A ). Possible positions of a synchro nous auditory stimulus were at these same locations. Thus, com bined visual and auditory stimuli could be presented in one of four spatial configurations: ( 1) spatially coincident (coincident, for short), (2) diametrically opposed to each other with respect to the fixation spot (opposite), (3) horizontally aligned but vertically op posite (horizontally aligned), and (4) vertically aligned but hori zontally opposite (vertically aligned).
During each experiment, all possible visual/auditory stimulus combinations were presented in random order, randomly inter leaved with visual-only trials, in which the auditory stimulus was not presented (20% of the trials). Each of the 20 different stimulus configurations was presented at least 8 , and-if time permitted-12, times in one experimental session.
In separate experimental sessions, the intensities of the visual and auditory noise stimuli were set either at 0.15 cd ■ m" 2 (mea sured with the Minolta LS 100 luminance meter) and 70 dB (SPL) (here denoted as high intensities) or at 0.015 cd * m" 2 and 45 dB (SPL) (low intensities), respectively. Note that all intensities were well above detection threshold.
In a recent study (Frens & Van Opstal, 1994) , we have shown that the composition of the auditory spectrum has a strong influ ence on a sound's localizability. Therefore, in two separate highintensity experimental sessions, we also selected a different spec tral content of the auditory stimulus. In one session, the spectrum was broad-band noise (see above); in the second session, it was a sharply peaked harmonic spectrum, having its most prominent component at 700 Hz (58 dB). Higher harmonics in this signal had an intensity that was at least 20 dB lower. This stimulus will be re ferred to as the tone stimulus in the rest of this paper.
At the end of an experimental session, the applied auditory stimuli were presented in a separate series, in which they served as targets. This auditory experiment aimed at measuring the latency, accuracy and kinematic properties of auditory-evoked eye move ments of our subjects. If time permitted, auditory-evoked saccades were also measured toward stimuli that were presented for 500 msec at random positions throughout the oculomotor range. These experiments served to assess the ability of our subjects to accurately localize acoustic targets.
Data Analysis
From the calibrated eye position signal, the onset and offset of saccadic eye movements were detected by the computer on the basis of velocity and mean acceleration criteria. All detection markings were visually checked by the experimenters. Subse quently, saccadic latency L (defined as the time interval between target onset and saccade onset, in milliseconds), overall saccade direction 0 (in degrees), amplitude R (in degrees), and maximum velocity Vmax (in degrees/second) were determined from the cali brated eye position signals. Trials in which the primary saccade had a reaction time outside the 100-300-msec interval were dis carded from further analysis. For the analysis of latencies, sac cades with a direction that deviated more than 30° from the direc tion of the visual target were excluded.
The radial distance, A /?, between the visual stimulus position, V, and the auditory stimulus, A, was defined as in which V)n VV)A }j, and A v are the horizontal and vertical coordi nates of the visual and the auditory target positions (in degrees), relative to the straight ahead fixation point.
Results
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Effect on Saccade Trajectories and Kinematics
When the subjects made saccades toward well-lit unimodal visual targets, the trajectories of the movements were approximately straight in all four directions. When high-in tensity noise stimuli were presented in combina tion with the visual targets, the trajectories o f the sac cades did not change with respect to the visually elicited saccades in any of our subjects. However, when the in tensity of both stimuli was decreased (see Method sec tion), the saccade trajectories depended strongly on the spatial configuration of the visual and auditory stimuli for 2 of the 3 subjects (M.F. and J.O.) in the following way (see cadc trajectories (Figure 2A ). However, when the visual and auditory stimuli were presented vertically aligned (A(l) -60°), the saccades typically started in a direction that was between the two stimuli. Subsequently, the move ment curved in midnight toward the visual stimulus ( Figure 2C ). Within this population of saccades, no sig nificant correlation between the initial direction and the latency o f the responses was found (p > .05). Increasing the angle between the two stimuli to 120° (horizontally aligned) or 180° (opposite) resulted in straight saccades that were correctly directed toward the visual stimulus ( Figures 2B and 2D ). Whenever the trajectory of the saccade was not changed by the presence o f the auditory target, the velocity profile and the duration of the move ments were always indistinguishable from the unimodal visually driven saccades. The trajectories of Subject J.G. were straight and goal-directed under all conditions. intensities (see Method section). One can see that the presentation of a spatially coincident auditory stimulus ("Coinc" column) reduces the latency of the response to the visual targets by about 50 msec (p < .01) with re spect to the values found for purely visual stimuli. Note that this figure shows the pooled data of the four visual targets. This pooling was allowed since no significant differences were obtained for the latency distributions of responses toward the four visual targets (p > .1) in any of the spatially similar multimode! configurations.
Effect on Latency
Increasing the distance o f the auditory target with re spect to the visual target reduces this latency facilitation.
In the most extreme case tested, in which the auditory target was positioned opposite to the visual target at a distance AR = 54" (''Opposite" column), the effect was absent. This reduction of facilitation was significant for all subjects tested. Spearman's rank order correlation coefficients (Press, Flannery, Teukolsky, & Vettering, 1992) between AR and sac cade latency for all 3 subjects are given in Table 1 .
For all subjects, the latency distribution of coincident audiovisual targets (sceond column from left in Fig  ure 3 A) principle, be explained if, under this condition, the sac cades were acoustically triggered. However, several ar guments can be raised against this hypothesis. First, the accuracy of the responses to the coincident targets was much higher than was found for the auditory-guided sac cades (compare, e.g., Figures 4A and 4B ). In addition* the velocity profiles o f audiovisual and visual saccades were stereotyped, in the sense that they obeyed the same relations between amplitude and duration, maximum ve locity or skewness. In contrast, auditory-guided sac cades were generally slower and followed more curved trajectories. Finally, the results of the experiments in which low stimulus intensities were employed (see below) show that there can be substantial differences be tween the auditory and the coincident audiovisual la tency distributions.
Low-intensity stimuli. In the low-intensity experi ment, the latencies o f the visually triggered saccades in creased considerably with respect to those in the highintensity condition (see Figure 3B , left-hand column). Nevertheless, the mean latency o f auditory-evoked sac cades remained approximately the same, which resulted in a much larger difference between the means of both unimodal latency distributions (for Subject M.F., high intensity, AL = 35 msec, low intensity, AL = 132 msec). Notwithstanding, the absolute effect o f spatial alignment with the auditory stimulus was of the same order of magnitude as obtained in the high-intensity experiment (see also Table 1 ).
Note that, due to the decrease o f intensities, the scat ter in latencies of eye movements toward the visual tar gets increased, which reduced the correlations but kept the slope of the fitted linear relation intact. In contrast, the variability in the auditory saccades was not affected. This suggests that the visual stimuli were closer to the perceptual threshold than were their acoustical counter parts.
Tone stimuli. If the observed auditory-visual inter actions could be attributed to a level where both modal ities are represented in a common frame o f reference, the localizability of the auditory target should influence the properties of the spatial interaction. Toward that end, we presented a tonal acoustic stimulus (see Method sec tion). Note-r = Spearman's rank order correlation coefficient; Z M vm x and a = the offset and slope, respectively, of a straight line fit through the data; vL and cru = standard deviations of the parameters, which were determined by the bootstrap method (see Note 1). ¿ m i)X is given in mil liseconds; a is given in milliseconds/degree. Figure 3A , now only two can be discerned. Reaction time reduction was equally effective for the auditory stimuli that had the same horizontal component as the visual target (coinci dent and horizontally aligned configurations). Similarly, the two audiovisual stimulus configurations, in which the horizontal components differed by the same amount (vertically aligned and opposite configurations), showed the same reduction of saccadic latency. Under these ex perimental conditions, in which only the horizontal com ponent o f the sound source could be localized, the dis tance between the perceived stimulus positions seemed to be the parameter that determined the spatial compo nent of auditory-visual interactions. As a result, both the correlation and the slope are decreased with respect to the high-intensity condition (see Table 1 ). Rank correla tion with ARh (the horizontal component of the interstim ulus distance), however, proved to be highly significant in all three subjects: J.O., .42; M.F., .40; and J.G., .37.
AUDITORY-VISUAL
Discussion
The results of Experiment 1 show that saccadic eye movements made to a visual target that is spatially coin cident with an auditory nontarget have shorter latencies than saccades that are directed toward the same visual target without an auditory costimulus. When the visual and auditory stimuli were increasingly separated in space, this reduction of reaction time diminished in a gradual way (Figure 3 A) .
The finding that no differences were found between the latency distributions of the four visual targets shows that the effects cannot be due to the presentation of vi sual or auditory targets in different locations in space. Only their relative configuration with respect to the fovea (coincident, opposite, horizontally aligned, or ver tically aligned) determined the saccadic latency.
Using two different (somewhat arbitrary) sets of visual and auditory intensities, we found no change in the strength of this spatial effect. The only objective of the low-intensity experiment was to increase the latency dif ference between unimodel auditory and visual saccades.
Though this study is too limited to infer the effect of stim ulus intensity over the full range, it does show that the ef fect observed is a rather robust one. Furthermore, the fact that the two unimodal latency distributions differed much more in the low-intensity condition than in the highintensity condition but that the resulting facilitation was equal for both conditions argues against the possibility that the observed latency reduction was due to a statistical fa cilitation (Raab, 1962; see General Discussion section).
Under conditions where only the azimuth o f the sound source could be accurately determined (tone stimuli), the horizontal separation between the stimuli, not their physical distance, determined the spatial component of the interaction. This suggests that it is the perceived po sition o f the targets that rules the observed effect. Note that the site at which these interactions occur must have access to both the binaural cues that encode sound az imuth and the spectral cues that are used for elevation detection. This follows from the fact that, if these eleva tion cues are present in the sound signal, they also play a role in determining the amount o f facilitation.
We have shown that, under low-stimulus-intensity conditions, the trajectory o f visually evoked saccades can also be influenced by the presence o f an auditory nontarget, provided that it is presented close to the visual stimulus (Figure 2). Under these circumstances, the saccade initially starts in a direction between the auditory and the visual stimulus.
In short, these findings indicate that there exists a spa tial component in the auditory-visual interactions that subserve human oculomotor behavior. Experiment 2 was designed to make a more quantitative estimate o f the ob served phenomena.
EXPERIMENT 2
Inspired by data such as those seen in Figure 3 , we suspected that a relevant parameter for quantifying the spatial effect on saccade latencies by auditory broad band noise stimuli would be the perceived vectorial dis tance AR (see Method section) between the auditory and visual stimuli. However, since we only tested a limited set o f distances (0°, 27°, 39.2°, and 54°), we felt that we had to explore this point further. Therefore, we per formed an additional set o f experiments in which the vi sual targets were presented throughout the upper half o f the oculomotor range, in combination with one o f two optimally localizable broad-band noise stimuli, thus cre ating a large set o f perceived interstimulus distances.
Method
Subj ects
Six male volunteers, ranging from 21 to 36 years of age, served as subjects. Two of these subjects (J.O. and M.F.) also participated in Experiment 1.
Experim ental Setup and Protocol
All experimental equipment was the same as described in Ex periment 1, Visual targets were chosen in random order from 15 locations in the upper hemisphere of the oculomotor range (see Figure IB ). Target positions were at R e [7°, 14°, 21°] and (fie [0°, 45°, 90°, 135°, 180°], Synchronous auditory nontargets were at {R ,<¡6) = (27°, 45°) and (27°, 135°). Auditory stimuli always con sisted of broad-band noise, and stimulus intensities were high (see Method section of Experiment 1 for further details).
Data Analysis
As a quantitative measure o f the latency change in a response, due to the presentation o f an auditory stimu lus, we defined AL for each primary saccade as
AL = L -L V,
(2) in which L is the latency of the saccade (msec), and Lv is the mean latency o f a subject's responses under visualonly conditions toward that same target position. In this way, we could compare the latency effects between dif ferent targets and subjects. Perceived interstimulus dis tance, AR, was computed as the vectorial distance be tween the means of the unimodally evoked first-saccade end points.
Results
In Figure 6A , saccadic latency differences AL are shown as a function of stimulus separation AR (data from one representative session with Subject J.O.). As a first approximation, the relation between AR and AL was fitted by a straight line,
AL = zlLmax + a-A R ,
where 4 £ max is the maximum effect (in milliseconds) at spatial stimulus alignment, and a is the slope o f the re lation (in milliseconds/degree). This particular experi ment yielded an offset ALmnx = -27.0 m sec and a slope a = 0.7 msec/deg. Spearman's rank order correlation coefficient between AR and AL (r = .38) was significant ( p < m y Although significant rank order correlations were ob tained for all subjects, sometimes an experiment yielded nonsignificant results. Thus, it was possible that, during one experiment, the presentation o f the speaker at one position caused a significant effect, whereas the presen tation at the other position did not. Of the obtained cor relations, 50% proved to be not significant. However, the lines that were fitted through the individual data sets always had a positive slope (a > 0 ), The mean rank order correlation coefficient was .3 ± .2; the mean fit param eters were -" "33 ± 15 msec and fia = 0.4 ± 0.4 msec/deg. Since Equation 3 is an expression between relative variables, AL and AR, it is possible to directly compare the data o f all subjects. We therefore pooled the data of all subjects and determined the optimal fit parameters of Equation 3 on this much larger database ( Figure 6B) . From the pooled data (N = 2,130) 
, we obtained a highly significant (p < 10~6) rank order correlation coefficient between AR and AL (r = .25), which was o f the same order o f magnitude as the mean value obtained in indi vidual experiments (see above).
Also the offset A£max o f -3 6 .2 msec and slope a = 0.55 msec/deg are in good agreement with values ob tained in the individual experiments (see above). Thus, it seems reasonable to assume that the failure to reach significance in some of the separate experiments was due to the fact that the observed effect on saccadic la tency was relatively small and was masked by the large intrinsic scatter in saccade latency.
The stability of the correlation and the fit parameters  o f the pooled data was tested, using the bootstrap pro  cedure.1 In 100 bootstrap trials, the mean values of (/?, $) -(27°, 45°). Spearman's rank order correlation coefficient  and the parameters of a linear fit (Equation 3; indicated by the solid line) are given in the figure {N = 75). (B) Same plot for the pooled data of all 6 subjects {N -2,130) . (Q Spearman's rank order correlation of data in 100 subsequent bootstrap trials. All correlations obtained were highly significant Note that the p = .01 significance threshold is at r = .06. (D) Values of a (slope) and ALmax (offset) of linear fits through data in the same 100 bootstrap trials. Note that the parameter values are in the same range as obtained in the individual experiment of panel A. ALmax, and the slope a were identical (within 1 %) to the values o f the original data set. The standard deviation of the rank order correlation coefficient was ar = .02; the standard deviations o f the fitted slope and offset were cT a = 0.05 msec/deg and = 1.2 msec, respectively (see also Figures 6C and 6D) . Thus, all three parameters were significantly different from 0 (p < 10" 6).
Discussion
The results o f Experiment 2 confirm and extend the findings o f Experiment 1, showing that there is a signif icant correlation between the auditory-visual stimulus distance, AR, and the effect o f auditory costimulation on visually evoked saccadic latency, AL. Despite the large intrinsic scatter in saccadic reaction times, we were able to estimate the maximum effect, ALmax, and its spatial sensitivity, a, in a robust way, due to the large data set at ALmax = ~"36 ± 1 msec and a = 0.55 ± 0.05 msec/deg, respectively.
Note that we found only latency reduction, since the vast majority of the data points corresponded to a nega tive AL. Even at large values of AR, no increase of la tencies (as compared with purely visual saccades) was obtained. This point will be further elaborated upon in the General Discussion section.
EXPERIMENT 3
Experiment 3 was designed to study the temporal fac tor in the effect o f an auditory stimulus on the latencies of saccadic eye movements toward visual targets. In con trast to the previous experiments, the onsets o f the visual and auditory targets were not necessarily synchronous.
Method Subjects
The subjects were the same as those in Experiment 1.
Experimental Setup and Protocol
All experimental conditions were identical to those of the pre vious experiments. In this experiment, we restricted the number of spatial target configurations to four. Only two possible visual and auditory target positions were used, at 27° to the left and to the right of the central fixation spot. In this experiment, temporal and spatial disparities between the two stimuli were introduced. The spatial configurations can be characterized as coincident and op posite, respectively. The auditory stimulus could start with a tem poral onset difference of AT -" 50, 0, 50, or 100 msec with re spect to the visual target onset (see Figure 1C ). Stimulus durations were always 500 msec.
Results
All 3 subjects showed similar behavior in this experi ment. The relative timing o f the visual and the auditory stimulus appeared to have a clear effect on the saccadic latencies. Asynchronous target onsets resulted in a grad ual change o f saccade latency, provided that the visual and auditory stimuli were spatially coincident (see Figure 7) . Remarkably, in the condition in which the visual and the auditory stimulus were antimetrically positioned, the timing o f the auditory target had no significant effect.
Latency reduction appeared to be optimal in our ex periments if the auditory stimulus preceded the visual target by 50 msec {AL --65 msec). If auditory stimu lation started 50 msec after visual target onset (but well before the onset of the saccades), the interaction was strongly reduced (AL = -2 5 msec). Note that the con dition AT = 0 msec corresponds to our previous exper iments. Again, we obtained a latency reduction o f about 50 msec in this latter condition.
Discussion
The results of Experiment 3 show that also the tem poral relation o f visual and auditory stimuli affects the latency distribution o f saccadic eye movements. The shortest latencies were observed not when the visual stim ulus and the auditory stimulus were presented synchro nously but when the auditory stimulus preceeded the vi sual stimulus.
Due to the different speeds of light and sound, syn chronously generated visual and auditory stimuli will arrive at different moments at the receptor organs. In our setup, this timing difference was about 2.5 msec. In nat ural conditions, these differences can be much larger. However, in all these conditions, the visual information will always preceed the auditory signal. The different pro cessing times at the sensory organs (visual, ± 6 0 msec; auditory, ±20 msec) have been thought to play a role in compensating for these timing differences in order to promote auditory-visual coincidence detection at a mul timodal level (Meredith, Nemitz, Sc Stein, 1987). How ever, our results show that the auditory stimulus has to precede the visual target. Therefore, the observed phe nomenon is hard to explain in terms o f a "designed" co incidence detection at the neuronal level.
The curve we measured for the coincident configura tion resembles the data reported by Ross and Ross (1981) for the effect of the onset of a spatially fixed au ditory target that served as a warning signal for a visu ally guided saccade. Similar effects have been found when a visual, rather than an auditory, warning cue was used to speed up choice reaction times (Bertelson Sc Tisseyre, 1969) . Surprisingly, we found no effect on the latency distri butions if the auditory stimulus was presented opposite to the visual stimulus. Therefore, our results cannot be de scribed as a general warning effect, where the auditory stimulus announces the presentation of a visual target.
In the General Discussion section, a model is pre sented that incorporates our spatial and temporal inter action results.
GENERAL DISCUSSION
Influence on Trajectories and Kinematics
It has previously been shown that when two visual targets are presented simultaneously, a subject often re 812 FR ENS, VAN When the two visual targets are not of equal size or matched intensity, the saccade is directed toward a weighted-average position in which target size or inten sity serves as a weighting factor (Findlay, 1982) . It is dif ficult to compare the relative intensities of the visual and auditory targets that were used in our experiments. How ever, it should be noted that, in the high-intensity condi tion of Experiment 1, no averaging was observed, whereas in the same spatial configuration, averaging of initial saccade direction did occur when low-intensity stimuli were used in 2 of 3 subjects. This effect vanished if the spatial separation between the visual and the audi tory stimulus was too large. Apparently, the relative in tensity o f the visual and auditory stimuli does play a sig nificant role in the occurrence of averaging responses to audiovisual stimulation as well.
A similar phenomenon was reported by Lueck, Craw ford, Savage, and Kennard (1990), who showed in a dif ferent task that the amplitude distribution of auditoryevoked saccades is influenced by the presence of a nearby (but not by a distant) visual stimulus in the hori zontal plane.
Our findings indicate that the presence o f an auditory stimulus can also influence the trajectory o f saccades that are directed toward a visual target when these stim uli are separated in direction by an angle o f about 60°, under conditions in which the visual signal is of poor perceptual quality. A strong competition between the auditory and visual modalities is then observed.
When the trajectory of an audiovisual saccade is not altered with respect to the purely visually driven sac cades, the saccade velocity profile and its duration re main unchanged, even under low-intensity conditions. Therefore, saccades toward spatially coincident as well as widely separated multimodal targets appear to be nor mal main-sequence saccades (see Bahill, Clark, & Stark, 1975) . This suggests that the observed interaction be tween the visual and the auditory system takes place at a stage where both the metrics and the latency (see be low) of a saccade are specified but which is not involved in its kinematic properties.
Facilitation of Reaction Times
Our results can be tentatively explained in terms o f a spatially and temporally dependent neuronal interaction. However, other factors, which have earlier been pro posed in the literature, should first be considered.
For instance, Zahn, Abel, and Dell'Oso (1978) and Perrott et al. (1990) reported a reduction of saccadic re action time to coincident audiovisual stimuli with re-spcct to purely visual targets. However, Raab (1962) ar gued that multimodal facilitation is not necessarily due to a neural interaction between the visual and auditory pathways. On the basis of theoretical considerations, it was shown that if the latency distributions o f both modal ities overlap to some degree, the subject may respond when triggered by the modality that happens to be avail able f i rs I i n a e e r ta i n t r i ah Th u s, a sta tis tical facilita tio n, rather than a neural interaction, may explain the short ening of average reaction times in this type o f experi ment. This, phenomenon may indeed play a dominant role in the results obtained by Zahn et al. and Perrott et al., since their subjects made saccades toward spa tially coincident audiovisual stimuli only and were not instructed to use one specific modality.
Gielen, Schmidt, and Van den Heuvel (1983) showed that, in a manual reaction time task, statistical facilita tion could not account for the differences observed be tween latencies to unimodal and multimodal stimuli. The latency change due to presenting multimodal targets ap peared to be stronger than could be expected on purely statistical grounds (see also Hughes, Reuter-Lorenz, Nozawa, & Fendrich, 1994, for more recent results).
A more direct way to rule out statistical facilitation was used in this study. By making the position o f the au ditory nontarget completely independent o f the position of the visual target, and therefore making the auditory cues irrelevant for the correct performance o f the task, the subjects could not benefit from responding to the onset of the auditory stimulus. The fact that the strength of the spatial facilitation in the present study did not de pend on the unimodal latency distributions (Figure 3 ) strongly suggests that statistical facilitation cannot ex plain our data (however, see also below),
Spatial .Factors in Facilitation of Reaction Times
As was mentioned in the introduction, the spatial alignment o f a visual and an auditory stimulus has earlier been reported to contribute to a reduction o f reaction times. Lee et al. (1991) reported a decrease o f 20 msec in saccadic reaction times when a tone was presented spa tially coincident with a visual target, relative to purely vi sual reaction times. They found that this effect was not present when the tone was presented in the field con tralateral to the visual target.
We obtained a mean auditory facilitation o f spatially coincident stimuli o f about 35 msec (see Figure 6B) . That the effect appears to be stronger in our study may be due either to the localizability o f the sound source (we used white noise as opposed to the tones used by Lee et al.) or to other experimental factors, such as the rela tive intensities o f the visual and auditory stimuli. With respect to the latter point, it is important to note that we used two combinations o f relatively arbitrary intensities (either high or low) and did not find a large difference in the strength of the effect, even though the difference be tween the latencies of saccades toward unimodal stimuli (visual only and auditory only) strongly increased (see Figure 3 ). Furthermore, we showed that the reduction o f reaction times steadily decreased with increasing stimu lus distance, revealing a two-dimensional spatial inter action. Saccadic latencies increased with about 0.5 msec per degree stimulus separation.
We have previously shown (Frens & Van Opstal, 1994) that, unlike with broad-band noise stimuli, the elevation o f tonal acoustical stimuli is not reflected in the output o f the audio-oculomotor system. In contrast, the horizontal component (the azimuth) is still as accurate as it is under auditory noise conditions. Presumably, this relates to the fact that, in the process of auditory localization, azimuth and elevation of a sound source are determined on the basis o f different cues in the sound signals at the eardrums. Typically, the azimuth of a sound source is de rived from binaural cues, such as interaural timing and intensity differences. Sound elevation, however, is based on spectral filtering by the pinnae, which constitutes a monaural cue (see Blauert, 1983, for review). Since, in the case o f a single tone, the spectral filtering is not uniquely related to elevation o f a tonal sound source, this spatial parameter cannot be extracted unambiguously.
The results o f the experiments using tones, described in this paper ( Figure 3C ), show that these features o f lo~ caiizability are also found in the interaction between au ditory and visual stimulation. Under these circumstances, the horizontal component o f the sound source position determines the strength of the interaction, whereas the actual vertical component does not play a role, This agrees with the perceived elevation of the tone stimuli, which is constant ( Figure 4C) .
Although the presentation of an auditory nontarget could decrease the saccadic reaction times considerably (in the order o f 20%~3Q%), the spatial dependence could be weak and often resulted in nonsignificant relations. The main reason for this seems to be that the scatter in saccadic reaction times is rather large by nature. There fore, a weak effect is likely to disappear in the back ground noise. Pooling all normalized data, however, re sulted in an effect that was highly significant and consistent with the results o f the first experiment (cf. Figures 3 A and 6B) . The values o f the rank order corre lation coefficient and the linear fit parameters were comparable with the means that were found in the sepa rate data sets.
Temporal Factors in Facilitation of Reaction Times
We also found that the relative timing o f the visual and auditory stimuli influenced the strength o f the zlatency reduction, provided that the stimuli were in spa tial proximity. In contrast to the electrophysiological findings of Meredith et al. (1987), we found that an op timal facilitation arose if the auditory stimulus was pre sented slightly before or synchronously with the visual n nrnf Strikingly, in many o f our subjects, the unimodal au ditory latencies were on average shorter than the uni-Z a h n , J. R., A b e l , L. A ., & D e l l 'Osso, L. F. ( 1978) . A u d io -o c u la r re sp o n se c h a ra c te ristic s. Sensory Processes, 2, 32-37. NOTE 1, The bootstrap method is a statistical procedure to estimate the confidence limits of the fit parameters for a data set when the under lying probability distribution of the errors is unknown (see, e.g., Press et al., 1992; Manly, 1991) . In short, from the measured set of N data points, a new hypothetical data set is generated by randomly drawing, with uniform probability, N points from the original data. In general, the overlap between the new and the original data set will be approxi mately 63%. The fit procedure is applied on the new set as if it were the real data set, resulting in different fit parameters. Repeating this procedure P times results in a distribution of P values for each parameter, from which the confidence limits can straightforwardly be determined.
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